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Hydrophobic interactionAlthough acidic residues of ferredoxin (Fd) are known to be essential for activities of various Fd-dependent
enzymes, including ferredoxin NADP+ reductase (FNR) and sulﬁte reductase (SiR), through electrostatic
interactions with basic residues of partner enzymes, non-electrostatic contributions such as hydrophobic forces
remain largely unknown. We herein demonstrated that intermolecular hydrophobic and charge–charge
interactions between Fd and enzymes were both critical for enzymatic activity. Systematic site-directed
mutagenesis, which altered physicochemical properties of residues on the interfaces of Fd for FNR /SiR, revealed
various changes in activities of both enzymes. The replacement of serine 43 of Fd to a hydrophobic residue
(S43W) and charged residue (S43D) increased and decreased FNR activity, respectively, while S43W showed
signiﬁcantly lower SiR activity without affecting SiR activity by S43D, suggesting that hydrophobic and
electrostatic interprotein forces affected FNR activity. Enzyme kinetics revealed that changes in FNR activity by
mutating Fd correlated with Km, but not with kcat or activation energy, indicating that interprotein interactions
determined FNR activity. Calorimetry-based binding thermodynamics between Fd and FNR showed different
binding modes of FNR to wild-type, S43W, or S43D, which were controlled by enthalpy and entropy, as shown
by the driving force plot. Residue-based NMR spectroscopy of 15N FNR with Fds also revealed distinct binding
modes of each complex based on different directions of NMR peak shifts with similar overall chemical shift
differences. We proposed that subtle adjustments in both hydrophobic and electrostatic forces were critical for
enzymatic activity, and these results may be applicable to protein-based electron transfer systems.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
A large number of biological processes are regulated by intermolec-
ular interactions among various biomolecules, small compounds, and
metal ions under the control of kinetics and thermodynamics, with
the aim of maintaining homeostasis [1–3]. The regulation of protein in-
teractions with target molecules is of particular importance because
misguided intermolecular interactions often lead to impaired enzymaticynthetic electron transport fer-
ductase; CD, circular dichroism;
adenine dinucleotide; HSQC,
l titration calorimetry; NADPH,
armagnetic resonance;ΔH, en-
; ΔCp, heat capacity change.
ata-Ariga),
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, Tsurumi-ku, Yokohama 230-activities and protein functions, thereby resulting in dysfunctional or-
ganelles and numerous diseases [4].
One of the most controlled protein-based physiological processes is
the electron transport chain in photosynthesis and respiration [5]. In
these metabolic processes, a series of soluble proteins/enzymes and
membrane protein complexes play pivotal roles in electron transfer by
communicating with target and binding molecules in response to
changes in environmental conditions such as variations in pH, temper-
ature, and the redox state [6–8].
Detailed studies on enzyme activities and electron transfer rates
based on the static and dynamic structures determined by X-ray
crystallography and solution NMR spectroscopy have increased our
understanding of the molecular mechanisms underlying electron
ﬂow and enzymatic activities in photosynthesis and respiration [3,
9–12]. Solution NMR spectroscopy and calorimetry have provided
further information on the dynamic structures of proteins and
molecular origins of intermolecular interactions for protein func-
tions [3,13].
Several key electron-carrying proteins, such as plastocyanin and fer-
redoxin (Fd), have been identiﬁed in the chloroplasts of higher plants
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tron to their physiological redox partner molecules in a manner that
has been shown to depend on differences in redox potential [16]. On
the other hand, well-regulated protein–protein interactions between
electron-carrier proteins and redox partner proteins/enzymes were
found to maximize efﬁcient intermolecular electron transfer and re-
layed enzymatic reactions [8], which emphasized the consequences of
the formation of electron transport-competent protein complexes.
However, the dominant factors controlling interprotein interactions
have not yet been examined in detail from the viewpoints of enzymatic
kinetics and binding thermodynamics together with the determination
of an available complex structure.
Fd is considered to be a good model protein because it transfers an
electron obtained fromphotosystem I to several target enzymes, includ-
ing ferredoxin-NADP+ reductase (FNR), sulﬁte reductase (SiR), nitrite
reductase (NiR), and hydrogenase [17], through the formation of elec-
tron transfer protein complexes [9,11,18]. Fd is a small acidic protein
(~10.5 kDa) that accommodates the redox center of the [2Fe–2S] cluster
[5]. Previous studies suggested that the negatively-charged residues of
Fd stabilized a complex through complementary electrostatic interac-
tionswith the positively-charged residues of partner enzymes, as previ-
ously reported in Fd and FNR binding in photosynthesis and Fd and SiR
binding in sulfur assimilation [11,18,19].
Although diverse biochemical methods are useful for indirectly
elucidating the interprotein electrostatic interactions of Fd with several
enzymes [20,21], the three-dimensional structure of the complex pro-
vides straightforward information for identifying interprotein interac-
tions at the atomic level [22]. The complex structure between maize
leaf Fd and FNR, which was the only available structure among several
complexes between Fd and partner enzymes in plants, showed that in-
terfaces mostly consisted of electrostatic interactions, including ﬁve salt
bridges, a large number of hydrogen bonds, and hydrophobic contacts
[22,23]. FNR is a relatively large multidomain enzyme (~35.5 kDa)
that reduces NADP+ to NADPH by transferring two electrons via ﬂavin
adenine dinucleotide (FAD) in FNR and hydride [23–25]. Solution NMR-
based investigations on Fd further supported electrostatic interactions
between the oppositely-charged residues of Fd and FNR [20,22,26].
A recent thermodynamic study using solution NMR spectroscopy
and calorimetry reported that increases in the FNR backbone ﬂexibility
of regions remote from interfaces and dehydration fromboth apolar and
polar surfaces were important for the formation of the Fd:FNR complex
[3,22]. These ﬁndings indicated the contribution of hydrophobic in-
teractions, which have received less attention than electrostatic con-
tributions, to FNR activity. The strong potential for charge clusters on
the surfaces of electron transfer proteins [25,27] and NMR invisible
hydrophobic regions of Fd due to paramagnetic relaxation enhance-
ments from theunpaired electrons of iron [9]mayhave led to the biased
interpretation of electrostatic interactions by masking hydrophobic
contributions.
By using the biochemical approaches of systematic site-directed
mutagenesis and activity measurements in combination with the bio-
physical methods of isothermal titration calorimetry, solution NMR
spectroscopy, and docking simulations, we herein investigated the
contribution of hydrophobic interactions between Fd and FNR to FNR
activity together with charge–charge interactions. We showed that the
hydrophobic forces of Fdwere also key to FNR activity togetherwith con-
ventional electrostatic forces, and that the delicate balance between these
two forces regulated FNR activity by controlling interprotein interactions
between Fd and FNR.
2. Materials and methods
2.1. Preparation of proteins
All site-directed Fd mutants on the hydrophobic surfaces of maize
leaf-type Fd (Fd I) were prepared using a QuikChange Lightning Site-Directed mutagenesis kit (Agilent Technologies, USA) and recombinant
maize-FdI plasmid DNA as a template [28]. The mutation sites and se-
quence integrity of the entire coding regionwere conﬁrmed by DNA se-
quencing. Wild-type and mutant Fds were expressed from Escherichia
coli BL21 (DE3) cells and puriﬁed according to previously described
methods [29].
The preparation of recombinant maize leaf FNR (L-FNR I) and
15N-labeled FNR was based on previous studies [19,30]. Fd and
FNR concentrations were determined using themolar extinction coefﬁ-
cients of 9680 M−1 cm−1 at 423 nm and 10,000 M−1 cm−1 at 460 nm,
respectively.2.2. Assay for electron transfer activity of FNR
The nicotinamide adenine dinucleotide phosphate (NADPH)-depen-
dent reduction of Fd by FNRwasmeasured at 298 K, as described previ-
ously [19], by monitoring increases in reduced cytochrome c (Nacalai
Tesque, Japan) at 550 nm in an assay mixture of 50 mM Tris–HCl buffer
(pH 7.5) containing 50 μM NADPH, 20 nM FNR, 2.5 μM (Fig. 1C) or
1.25 μM Fd (Fig. 1E), and 200 μM cytochrome c, which represented
the NADPH-generating system. The Michaelis constant (Km) at 298 K
and turnover number (kcat) at various temperatures (288, 293, 298,
and 303 K) were calculated by ﬁtting to the following Michaelis–
Menten equation:
v ¼ kcat FNR½ 0 Fd½ 
Fd½  þ Km ð1Þ
where v indicates the initial velocity of the catalytic reaction of FNR, and
[FNR]0 and [Fd] indicate the concentrations of FNR and Fd in the reaction
mixture, respectively.2.3. Assay for electron transfer activity of SiR
Fd-dependent sulﬁte reduction by SiR was assayed by monitoring
the ﬁnal product of cysteine using a reconstituted electron transfer sys-
tem [11]. Reaction mixtures in 50 mM Tris–HCl (pH 7.5) consisted of
200 nMSiR, 2mMNa2SO32−, 0.4 units of cysteine synthase, O-acetyl ser-
ine, and 10 μM (Fig. 1D) or 20 μM Fd (Fig. 1F). SiR reduction was initiat-
ed by an intermolecular electron transfer from Fd, which was reduced
by Na2S2O4. Reduced SiR sequentially converted sulﬁte to sulﬁde. Cyste-
ine synthase, in the presence of O-acetyl serine, produced cysteine from
sulﬁde. The reactionwas stopped 0, 3, 6, and 9min after reducing SiR by
the addition of trichloroacetic acid at a ﬁnal concentration of 20% (v/v).
The solution was promptly centrifuged at 15,000 rpm for 3 min and
150 μl of the supernatant was collected. After the addition of 150 μl
acetic acid and 150 μl acid-ninhydrin reagent to the supernatant, the so-
lution was heated at 95 °C for 10 min. The addition of 450 μl ethanol to
the solution allowed the production of cysteine to be monitored by in-
creases in absorption intensity at 546 nm. Speciﬁc activity was obtained
by the slope of time-dependent activity at each incubation time.2.4. Circular dichroism (CD) measurements
All CD measurements of Fd solutions were performed in 50 mM
Tris–HCl buffer (pH 7.5) using a J720 spectropolarimeter (Jasco, Japan)
at 25 °C. Far-UV CD spectra at 0.2 mgml−1 Fd (~20 μM) were recorded
using a quartz cuvettewith a 1-mmpath length. Near-UV and visible CD
spectra with 1 mg ml−1 Fd (~100 μM) were obtained using a quartz
cuvette with a 1-cm path length. Spectra were expressed as mean resi-
due ellipticity, [θ] (deg cm2 dmol−1), after subtracting the solvent
background.
Fig. 1. Structure-basedmutagenesis of Fd and enzymatic activity. (A–B) The structure of the Fd:FNR complex (PDB /1GAQ) (A) and position of Fd residues formutations (B) are shown. FNR
and Fd are displayed in green and light blue colors, respectively. FAD- andNADP+-binding domains are shown in light anddark green, respectively. Red and yellow spheres in Fd represent
iron and sulfur, respectively. Magenta sticks in FNR indicate FAD. (C–F) The results of the activity assay for FNR (C, E) and SiR (D, F) are shown with bar graphs.
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Protein solutions were dialyzed against 50 mM Tris–HCl (pH 7.5)
and degassed for 3min before being loaded into the calorimeter. Calori-
metric experiments were performed with a VP-ITC instrument (GE-
Healthcare Biosciences, USA) at 288, 293, 298, and 303 K. In the injec-
tion syringe, 1 mM FNR was titrated into 50 μM wild-type or mutant
Fds in the ITC cell. Titration experiments consisted of 40 injections
spaced at intervals of 400–500 s. The injection volume was 7 μl and
the cell was continuously stirred at 264 rpm [3].
Observed enthalpy changes (ΔHbind) for binding and thedissociation
constant (Kd) were directly calculated from the integrated heat usingthe one-set of independent binding sites model supplied by the
MicroCal Origin 7.0 software. The equation of this binding model was:
Q ¼ n P½ tΔHbindV0
2
1þ LR
n
þ Kd
n P½ t
−
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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 2
−
4LR
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s2
4
3
5 ð2Þ
whereQ is the change in heat in the system,V0 is the effective volume of
the calorimeter cell (1.43ml), LR is the ratio of the total Fd concentration
to total FNR concentration ([P]t) at any given point during the titration,
and n is the binding stoichiometry of Fd per FNR. Using ΔHbind and Kd,
the observed Gibbs energy change for binding (ΔGbind) and observed
1203M. Kinoshita et al. / Biochimica et Biophysica Acta 1847 (2015) 1200–1211entropy change for binding (ΔSbind) were obtained by thermodynamic
relationships (Eqs. (3) and (4)) as follows;
ΔGbind ¼ RT lnKd ð3Þ
ΔGbind ¼ ΔHbind−TΔSbind ð4Þ
where R is the gas constant and T is the temperature in Kelvins.
2.6. Solution NMR measurements of FNR
FNR samples uniformly labeled with 15N were prepared using
50 mM Tris–HCl buffer (pH 7.5) containing 10% D2O for 1H–15N
heteronuclear single quantum correlation (HSQC) measurements. All
HSQC spectra of 0.2 mM 15N-labeled FNR in the absence and presence
of 0.4 mMwild-type or mutant Fd (S43W and S43D) were obtained at
25 °C in an AVANCE-III H/D 800 spectrometer equippedwith a cryogen-
ic probe (Bruker BioSpin, Germany). Data were processed by NMRPipe
and analyzed by Sparky [31].
A chemical shift perturbation (Δδtot) in the cross-peaks of FNRby the
addition of Fd was calculated using the relationship:
Δδtot ¼ ΔδHð Þ2 þ ΔδN  0:158ð Þ2
h i0:5
ð5Þ
where ΔδH andΔδN are the changes in the 1H and 15N chemical shifts in
ppm, respectively. The weighting factor of 0.158 was used to adjust the
relative magnitudes of the amide nitrogen chemical shift range and
amide proton chemical shift range.
2.7. Computational docking simulation between FNR and Fd
Homology modeling of S43W- (S43W) and S43D-substituted Fd
(S43D) was performed using the Modeller program v9.11 and crystal
structure of wild-type Fd (PDB/3B2F) [12] for a template structure.
The qualities of the modeled structures of the Fd mutants were con-
ﬁrmed using the VERIFY3D program [32].
The docking simulation between Fd (wild-type, S43W, or S43D) and
FNR was performed using the HADDOCK easy interface server with
semi-ﬂexible reﬁnements. Active residues for interaction restraints
were deﬁned based on the chemical shift perturbation data observed
in our present and previous NMR studies [33] and were ﬁltered for the
accessible surface area calculated by VARDAR (version 1.8) [34]. The ac-
tive residues of Fd and FNR obtained are listed in Table S1. Passive resi-
dues were deﬁned automatically around the active residues. A total of
40 possible Fd:FNR complexes were obtained (see the Supplementary
data section).
3. Results
3.1. Interface mutations differentially affected enzymatic activity between
FNR and SiR
In order to examine the contribution of hydrophobic forces around
serine 38 to 46 on the interface of Fd for FNR and SiR to enzymatic activ-
ities, we constructed six Fd mutants in which hydrophobicity was in-
creased (S38W, R40W, A41W, S43W, S45W, and S46W) on the basis
of our previous FNR-bound Fd structure (Fig. 1A and B), and performed
FNR and SiR activity assays (Fig. 1C and D).
The mutants exhibited various activity changes. The SiR and FNR ac-
tivities of R40Wand S43Wmutantswere opposite (here designated as a
partner enzyme-dependent activity change): R40Wand S43Wmutants
exhibited an increase and decrease in SiR activity (Fig. 1D) and a de-
crease and increase in FNR activity (Fig. 1C), respectively. No recogniz-
able activity changes were observed among the other mutants;
however, the FNR activity of the S46Wmutant increased (Fig. 1C).Based on the largest change in activities depending on enzymes,
high conservation in higher plants (Fig. S1), and locational importance
for electron transfer between the [2Fe–2S] cluster in Fd and FAD in
FNR, we focused on mutagenic analyses of serine 43. In order to obtain
a more general insight into the effects of physicochemical properties
on enzymatic activity, more Fd mutants were prepared in terms of hy-
drophobic and electrostatic natures: S43L, S43H, S43F, S43Y, and S43D.
The hydrophobic mutants, S43F, S43Y, and S43W, exhibited marked
increases in FNR activities, whereas that of the S43Dmutant was mark-
edly decreased by increases in acidity, and the remaining mutants did
not show signiﬁcant activity changes (Fig. 1E). The SiR activities of the
S43H, S43F, and S43Y mutants decreased and that of S43W was mark-
edly reduced. However, no signiﬁcant activity changes were observed
with the S43L and S43D mutants (Fig. 1F).
3.2. NADPH-dependent FNR activity using wild-type and mutant Fds
Wemeasured the steady-state kinetics of reductions in cytochrome
c in order to determine the effects of site-directed mutations in Fd on
FNR activity. We selected the two mutants, S43W and S43D because
their enzyme activities markedly differed in a partner enzyme-
dependent manner, i.e., a partner enzyme-dependent activity change
(Fig. 1E and F). Themaximum velocity (v) for reductions in cytochrome
c at various concentrations of wild-type Fd was saturated at a low Fd
concentration (less than 5 μM) at 298 K (Fig. 2A), indicating steady-
state kinetics with the formation of the Fd:FNR complex. Thus, data
were ﬁt using the Michaelis–Menten equation (see the Materials and
Methods section). The Michaelis constant (Km) and turnover number
(kcat) were 2.1 μM and 53.5 s−1, respectively (Table 1). The results ob-
tained for the two variants also showed Michaelis–Menten kinetics. Al-
though no signiﬁcant changes were observed in kcat, Km values
increased to 0.8 μM for S43W and 9.0 μM for S43D (Table 1).
The temperature dependence of kcat was then examined. The kcat
values with wild-type Fd increased from 37.8 to 72.5 s−1 with eleva-
tions in temperature from 288 to 303 K (Fig. 2B and Table 1). The kcat
values with Fd variants showed a very similar temperature dependence
towild-type Fd. Accordingly, activation energy (Ea),whichwas deduced
from the Arrhenius equation, was similar regardless of the types of Fds
(Fig. 2C and Table 1). On the other hand, although the Km values for
wild-type and S43W Fds did not show a notable dependency on tem-
perature, that for S43Dvaried in an oppositemanner to the temperature
increase (Fig. 2D and Table 1).
3.3. Investigation of structural changes in Fd mutants by various
spectroscopies
We demonstrated whether structural changes were caused by
substitution mutations using CD and absorption spectroscopy. In CD
spectroscopy, we performed measurements at three regions of wave-
lengths: far-UV (195–250 nm) to examine the secondary structure
(Fig. S2A), near-UV (250–300 nm) for the structure near aromatic resi-
dues (Fig. S2B), and visible (300–600 nm) regions for [2Fe–2S] for
environment-containing clusters (Fig. S2C).
No signiﬁcant changeswere observed in the far-UV CD spectra of the
three types of Fds (wild-type, S43W, and S43D), which indicated that
the content of alpha helices, beta strands, and random coils was con-
stant in all Fd variants. In the near-UV region, no signiﬁcant differences
were noted in the CD spectra among Fds. Only slight changes were ob-
served in the visible-spectra near 500, 375, and 325 nm. This result indi-
cated that appreciable geometry changes did not occur around the
[2Fe–2S] clusters, which was further supported by absorbance spectra.
Each of the absorbance spectra of the Fd variants was similar, except
for the region near 280 nmof S43W (Fig. S2D), andwasmainly attribut-
ed to the substitution of tryptophan, showing absorption near 280 nm.
Wedeﬁned themutation effects on Fd structures negligible for activ-
ities between FNR and each Fd variant. However, we did not exclude the
Fig. 2. FNR activity depended onmutations and temperature. (A) The steady-state kinetics of FNR based on the reduction of cytochrome c at 298 K are shown. The concentrations of wild-
type Fdusedwere 1.25, 2.5, 5, 10, 20, and 40 μMwhile those of S43WFdwere 0.25, 0.5, 1, 2.5, 5, and 10 μM. S43D Fdwas used at concentrations of 5, 10, 20, and 40 μM. The continuous lines
indicate the ﬁtting curves based on the Michaelis–Menten equation. (B) kcat values were plotted against temperature. (C) Schematic bar presentations of activation energies (Ea).
(D) Temperature dependence of Km values. Values corresponding to wide-type, S43W, and S43D Fds are shown in black, blue, and red, respectively.
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tials in free Fd and/or FNR-bound Fd that may, in turn, have affected ac-
tivities. A previous study reported that a mutation in S47A in Anabaena
Fd, which corresponded to S45 in maize Fd, markedly affected the
midpoint redox potential and rate of FNR reduction [35].
3.4. Thermodynamic characterization of Fd:FNR interactions monitored by
calorimetry
We performed ITC measurements using three types of Fds (wild-
type, S43W, and S43D) and FNR (Fig. 3) in order to examine thermo-
dynamically interprotein interactions between Fd and FNR at the
molecular level in solution.
The titration of wild-type Fd to FNR at 298 K showed a series of pos-
itive heat peaks, which indicated complex formation with heat uptakeTable 1
Summary of various parameters of FNR enzymatic activity obtained by steady-state kinetics. T
Temperature (K) Wild-type Fd S43W
Km (μM) kcat (s−1) Km (
288 2.3 ± 0.3 37.8 ± 3.5 0.7 ±
293 2.2 ± 0.2 44.7 ± 5.8 0.7 ±
298 2.2 ± 0.3 53.5 ± 1.8 0.8 ±
303 2.4 ± 0.3 72.5 ± 6.4 0.8 ±
Ea (kJ mol−1) 31.1 ± 3.3 28.7(Fig. 3A) and was consistent with our previous ﬁndings [3]. The change
in enthalpy (ΔHbind) was calculated as 32.6 kJ mol−1 based on an inte-
gration of the peak area (Table 2). The positive ΔHbind value displayed
energetically unfavorable endothermic binding reactions. The dissocia-
tion constant (Kd) obtained by ﬁtting to the binding isotherm (see the
Materials and Methods section) was 1.0 ± 0.1 μM (Table 2), which
was similar to the value of Km (Fig. S3A). The n value of approximately
0.8 suggested one-to-one binding stoichiometry between Fd and FNR.
By using thermodynamic relationships, we obtained changes in free en-
ergy (ΔGbind) and entropy (−TΔSbind) (Table 2). Negative ΔGbind
(−34.2± 0.2 kJ mol−1) and−TΔSbind (−66.8± 0.4 kJmol−1) indicat-
ed spontaneous Fd:FNR complex formation driven purely by positive
ΔSbind.
ITC measurements at 298 K were performed for S43W and S43D
and endothermic binding heat was also detected (Fig. 3A). Thehe average and error values were obtained from measurements in triplicate.
Fd S43D Fd
μM) kcat (s−1) Km (μM) kcat (s−1)
0.0 37.8 ± 2.4 11.6 ± 1.2 35.9 ± 2.2
0.0 43.9 ± 3.6 9.9 ± 0.8 40.5 ± 2.2
0.0 56.8 ± 1.4 9.0 ± 0.4 50.7 ± 3.6
0.1 66.9 ± 0.5 8.5 ± 0.5 65.5 ± 5.0
± 3.7 29.3 ± 2.6
Fig. 3. Thermodynamic characterization of binding reactions between Fd and FNR using ITC and a driving force plot. (A) ITC thermograms of the titration of wild-type Fd (left), S43W Fd
(middle), and S43DFd (right) to FNR are shown in the upper panel. Normalizedheat valueswere plotted against themolar ratio ([Fd]/[FNR]) in the lower panel. Fitted curves are exhibited
using continuous lines. (B) Changes in the driving force (ΔHbind and−TΔSbind) andΔGbind value after the formation of each complex are shown. The broken diagonal lines in black, red, and
blue signify theΔΔGbind lines of 0, 2.63, and−3.28 kJmol−1, respectively. Thermodynamically favorable and unfavorable directions onmutation are guidedby blue arrows and “F” and red
arrows and “UF”, respectively, in and out of the panel. The blue and red triangular regions indicate increases anddecreases in afﬁnity. Transverse and longitudinal axes indicateΔΔHbind and
Δ(−TΔSbind), respectively. The black sphere indicates no change inΔGbind (i.e.,ΔΔGbind=0). Red andblue spheres showΔΔGbind following changes inΔGbindwith themutation of serine at
43 to tryptophan (i.e., S43W) or aspartic acid (i.e., S43D), respectively. The four rectangular regions were classiﬁed by driving forces: region “I” (upper right), region “II” (lower right),
region “III” (lower left), and region “IV” (upper left). In each region, a thermodynamically favorable driving force is indicated in parentheses. “I(X)” represents no driving force for favoring
binding reactions.
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ΔGbind, −TΔSbind, and n) were summarized in Table 2. Kd values
were similar to Km: the Kd values of S43W (0.3 ± 0.1 μM) and
S43D (3.0 ± 0.4 μM) were lower and higher than that of wild-
type Fd (1.0 ± 0.1 μM), respectively (Fig. S3A). Therefore, the
order of ΔGbind was S43D (−31.6 ± 0.3 kJ mol−1) N wild-type
(−34.2 ± 0.2 kJ mol−1) N S43W (−37.5 ± 0.7 kJ mol−1)
(Fig. S3B). The complex formation of FNR with Fd variants was also
only favored by the positive entropy change (Fig. S3B). The ΔHbind
value was in the order of S43W (40.3 ± 0.5 kJ mol−1) N wild-type
(32.6 ± 0.2 kJ mol−1) N S43D (19.4 ± 0.2 kJ mol−1), and S43D
(−51.0 ± 0.2 kJ mol−1) N wild-type (−66.8 ± 0.4 kJ mol−1) N S43W
(−77.8 ± 0.3 kJ mol−1) for the−TΔSbind value.3.5. Temperature dependence of thermodynamic parameters for Fd:FNR
complexation
The thermodynamic properties of interprotein interactions are a
function of temperature. Thus, temperature-dependent changes in
thermodynamic parameters reﬂect the inﬂuences of physicochemical
properties on intermolecular interactions.
Therefore, we examined changes in various thermodynamic pa-
rameters for the interactions between wild-type Fd and FNR in the
range of 288 to 303 K (Fig. 4). Kd values decreased from 1.5 ± 0.4
to 0.9 ± 0.2 μM with an increase in temperature from 288 to 303 K
(Table 2). As observed for Km values, Kd values also decreased from
1.5 ± 0.4 to 0.9 ± 0.2 μM with increases in temperature from 288
Table 2
Summary of various thermodynamics parameters of complex formation between Fd and FNR obtained by ITC. The average and error values were obtained from measurements in
duplicate.
Temperature (K) Kd (μM) ΔGbind (kJ mol−1) ΔHbind (kJ mol−1) −TΔSbind (kJ mol−1) n
Wild-type Fd 288 1.5 ± 0.4 −32.1 ± 0.6 32.1 ± 0.5 −64.2 ± 0.1 0.8
293 1.2 ± 0.1 −33.1 ± 0.2 32.6 ± 0.8 −65.8 ± 1.0 0.8
298 1.0 ± 0.1 −34.2 ± 0.2 32.6 ± 0.2 −66.8 ± 0.4 0.8
303 0.9 ± 0.2 −35.2 ± 0.5 30.7 ± 0.0 −65.9 ± 0.6 0.8
S43W Fd 288 0.6 ± 0.0 −34.5 ± 0.2 37.4 ± 2.6 −71.9 ± 2.8 0.7
293 0.4 ± 0.0 −35.6 ± 0.1 38.7 ± 3.8 −74.3 ± 3.9 0.7
298 0.3 ± 0.1 −37.5 ± 0.7 40.3 ± 0.5 −77.8 ± 0.3 0.7
303 0.3 ± 0.0 −38.1 ± 0.2 35.5 ± 2.1 −73.6 ± 2.3 0.7
S43D Fd 288 4.7 ± 1.4 −29.5 ± 0.7 13.7 ± 0.0 −43.2 ± 0.7 0.9
293 3.8 ± 1.0 −30.5 ± 0.7 16.5 ± 1.2 −47.1 ± 0.6 0.8
298 3.0 ± 0.4 −31.6 ± 0.3 19.4 ± 0.2 −51.0 ± 0.2 0.8
303 2.4 ± 0.9 −32.8 ± 1.0 21.2 ± 2.0 −54.0 ± 1.0 0.8
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a decrease in ΔGbind by−3.1 kJ mol−1 (Fig. 4A). ΔHbind and−TΔSbind
both became gradually favorable with increases in temperature from
32.1 ± 0.6 kJ mol−1 at 288 K to 30.7± 0.0 kJ mol−1 at 303 K and from
−64.2 ± 0.1 kJ mol−1 at 288 K to−65.9 ± 0.6 kJ mol−1 at 303 K, re-
spectively. These results revealed that the two energetic terms were
stabilizers for the Fd:FNR complex regardless of the temperatures
examined here.
The binding of S43W to FNR showed similar temperature responses
to those of wild-type Fd. However, the temperature dependence of
ΔHbind and−TΔSbind for S43D binding was markedly different. ΔHbind
values markedly increased from 13.7 ± 0.0 kJ mol−1 at 288 K toFig. 4. Temperature-dependent thermodynamic parameters. (A–C) The values ofΔGbind (A),−T
wild-type, S43W, and S43D Fds are shown. Thermodynamic parameters for FNR binding to wi21.2 ± 2.0 kJ mol−1 at 303 K (Fig. 4C), whereas and−TΔSbind values
markedly decreased from−43.2 ± 0.7 kJ mol−1 at 288 K to−54.0 ±
1.0 kJ mol−1 at 303 K (Fig. 4B).
The change in heat capacity (ΔCp) was obtained from the slope of
the temperature dependence of ΔHbind (i.e., ∂ΔHbind/∂T). Although the
ΔCp values of wild-type and S43W binding to FNR were similar to
each other, that of S43D binding was largely distinct. The ΔCp values
for the binding of wild-type Fd, S43W, and S43D to FNR were −87,
−76, and 507 J mol−1 K−1, respectively (Fig. 4D and Table 2).
No clear decrease was observed in Km for wild-type and S43W Fds
with increases in temperature (Table 1); however, increases in temper-
ature led to reductions in Kd for all three types of Fds (Table 2). AlthoughΔSbind (B), andΔHbind (C)were plotted as a function of temperature. (D) TheΔCp values of
ld-type, S43W, and S43D Fds are shown in black, blue, and red, respectively.
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main unclear, the physical binding properties of Kd between com-
plexes and free proteins directly obtained by the thermodynamic
measurement of ITC may not be always consistent with Km obtained
from Michaelis–Menten kinetics depending on changes in tempera-
ture. The components present in reconstituted activity assay sys-
tems, but absent in ITC measurement systems, such as cytochrome
c, may be involved in distinct responses between Kd and Km at differ-
ent temperatures. Alternatively, the distinct approaches utilized pro-
duced different values to some extent, which is often observed in Kd
values obtained by different methods such as ITC, NMR, and surface
plasmon resonance [36,37].Fig. 5. NMR spectroscopy of 15N-labeled FNR with and without Fd and chemical shift perturbati
with wild-type (green), S43W (blue), or S43D Fds (red). (B) Shifts in the peak (V28, L156, and R
each type of Fdwere plotted against the residue number of FNR. The secondary structure eleme
helices and beta-strands are colored in orange and green, respectively. The residues of FNR int
ments. Green and red indicate positively-charged and non-charged residues, respectively.3.6. Residue-based investigation of Fd–FNR interactions using NMR
spectroscopy
In order to obtain more detailed information on the binding mode
and interfaces of FNR for Fds at the residue level, two-dimensional
1H–15N HSQC measurements on uniformly-labeled FNR with 15N were
performed in the absence and presence of Fds (wild-type, S43W, and
S43D) (Fig. 5A).
The NMR cross-peaks of FNR in the absence of Fd were sharp and
widely dispersed, which indicated the well-folded state of FNR. Based
on the Kd values obtained from ITC measurements, the amounts of Fd
added were 2-fold that of FNR in order to saturate FNR with Fd. Theon analyses. (A) The superposition of 1H–15N HSQC spectra of FNRwithout Fd (black) and
305) are representativelymagniﬁed. (C) Chemical shift perturbationswith the addition of
nts determined from the X-ray structure (PDB/1GAW) are displayed in the top part. Alpha-
eracting with Fd are shown by the colored rectangles below the secondary structure ele-
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each Fd changed a large number of theNMRpeak positions of FNRwith-
out signiﬁcantly altering the number of peaks in the absence of Fds
(Fig. 5A). This result indicated the formation of individual Fd:FNR com-
plexes and a fast exchange regime of interactions between each Fd and
FNR.
Although the direction of changes in peak shifts depended on the
types of Fd (Fig. 5B), the overall perturbed regions of FNR were all sim-
ilar, as shown by the plot of the chemical shift perturbation (CSP)
(Fig. 5C) and mapping of CSP values on a crystal structure of FNR
(Fig. S4). These results were consistent with our previous ﬁndings
[18]. Perturbed residues were mainly located in the N-terminal and
β2–β3 (around K88 and K91) regions on the FAD-binding domain, the
interdomain region around D154, and the β1–α1 (around G173),
β4–α5 (around K275), and C-terminal (around K304) regions on the
NADP+-binding domain, which is in accordance with those suggested
by the crystal structure of the wild-type Fd:FNR complex [22]. The hy-
drophobic residues of I68, V83, I147, and L156 and polar residues of
T29, Q74, and C132 also showed perturbations.
The representative residues that showed large perturbations regard-
less of the types of Fd were in the N- and C-terminal regions and also in
the β4–α5 region around K275. R93 and K153 of FNR in the presence of
S43D showed larger CSP values than those in the presence of wild-type
Fd.
4. Discussion
4.1. Importance of hydrophobic and electrostatic residues of Fd for activities
of partner enzymes
The electrostatic interaction between Fd and a partner enzyme has
predominantly been reasoned as a key contributor to the efﬁcient activ-
ity of a partner enzyme. However, we questioned this interpretation be-
cause the buried nonpolar surface area of the Fd:FNR complex was
previously shown to account for approximately 50% of the total buried
apolar surface area [22]. Therefore, we focused on the effects of the
physicochemical properties of interfacial residues around the [2Fe–2S]
cluster from the viewpoint of enzyme activity by addressing hydropho-
bic and electrostatic contributions.
Partner enzyme-dependent activity changes in most of the trypto-
phan mutants, except for S45W (Fig. 1C and D), demonstrated that hy-
drophobic interactions on binding interfaces around S38 to S46 of Fd,
which have not received much attention, were essential for the regula-
tion of FNR and SiR activities. A set of S43mutants also showed the con-
tribution of hydrophobic forces to changes in activity depending on
partner enzymes. A similar ﬁnding was also reported in the plant-type
photosynthetic electron transport ferredoxin (PETF) [17]. The PETFmu-
tants, D19A andD58A, exhibited the differential recognition and activity
between FNR and hydrogenase HYDA1.
Partner enzyme-dependent activity changes in S43 mutants (S43H
and S43D) provided further insights into electrostatic contributions
(Fig. 1E and F). S43H, which increased the repulsive charge–charge
interactionwith Fd, decreased SiR activity, but had no effects on FNR ac-
tivity. In contrast to the general expectation that attractive electrostatic
interactions increase activity, S43D exhibited a decrease in FNR activity
without a change in SiR activity.
Taken together, our results suggested that activity changes were not
always predictable by the general electrostatic contribution alone, and
the physicochemical properties of hydrophobic and electrostatic resi-
dues on interprotein interfaces were important in the regulation of
FNR and SiR activities.
4.2. Interprotein interactions dominated FNR activity
The overall activity of FNR comprised physical processes including
intermolecular interactions among Fd, FNR, and the substrate ofNADP+ as well as the chemical reactions of electron and hydride
transfer.
In order to identify the dominant factor regulating FNR activity, we
introduced a site-directed mutation to Fd because a mutation in FNR
may include changes in the intrinsic catalytic capability of FNR as well
as in the intermolecular interaction with Fd and NADP+. By mutating
Fd, we expected a simpler system that predominantly reﬂected a muta-
tion effect stemming from interprotein interactions directly linked to
interprotein electron ﬂow from FNR to Fd.
We again selected the two mutants of Fd that displayed the most
prominent changes in enzymatic activity (Fig. 1E and F), S43W and
S43D. Although no appreciable alternationswere observed in the chem-
ical reaction (kcat) or activation energy (Ea) for S43W and S43D (Fig. 2B
and C), physical changes identiﬁed in Km indicated that the interprotein
interaction was a dominant factor controlling the overall activity of FNR
(Fig. 2). The similar dependence of changes in enzymatic activities due
to interprotein interactionswas observed in other electron transfer pro-
teins. We previously reported that changes in enzymatic activities by
the neutralization of acidic residues on the binding surfaces of Fd for
SiR [24] and NiR [9] primarily depended on Km values, not kcat values.
Similarﬁndingswere also found in cytochrome c-related electron trans-
fer and activity assays [38].
Our results and previous ﬁndings demonstrated that physicochemi-
cal properties at the location of 43 on the interface of Fdwere important
for determining overall FNR activity by adjusting interprotein interac-
tions between Fd and FNR. Furthermore, we suggested that this concept
may be applicable to other enzyme activity studies utilizing electron-
transport proteins.
4.3. Fd–FNR interactions under thermodynamic controls
Since physical interactions between Fd and FNR regulated FNR
activity and interprotein interactions were fundamentally under ther-
modynamic control, binding energetics between two proteins were
characterized at the molecular level using ITC (Figs. 3 and 4). ITC is
one of the most powerful approaches for elucidating the physical, me-
chanical, and energetic natures of binding systems including molecular
association mechanisms, binding modes, and driving forces for com-
plexation [2,3,39].
Complexation-interrupting positive ΔHbind values were detected in
all complexes formed as a result of energy costs for the dehydration of
charged residues, which drove complex formation solely with entropy
(Fig. S3B) [3]. The higher afﬁnity of S43W for FNR than the wild-type
was attributed to the gain of entropy (increases in ΔSbind), which
overwhelmed the unfavorable enthalpic loss (increases in ΔHbind)
(Fig. S3B), as shown in the driving force plot (Fig. 3B). The dehydration
of water from hydrophobic regions around the tryptophan residue,
i.e., the hydrophobic effect, and electrostatic/polar regions may have
largely stabilized the Fd:FNR complex.
The driving force plot rationalized theweakened afﬁnity of S43D for
FNRwith the loss ofΔΔG=2.63 kJmol−1 in terms of the penalty of en-
tropy (Figs. 3B and S3B). The formation of an electrostatic and hydrogen
bond network around the negative charge of the aspartic acid at 43
(Fig. 3B)may have engendered favorable contributions to the formation
of the S43D:FNR complex by reducingΔHbind. Furthermore, since attrac-
tive intermolecular interactions have been shown to promotemolecular
recognition [40], a decrease in afﬁnity may also be kinetically explained
by a markedly faster dissociation rate than association rate.
Electrostatic and hydrophobic interactions are a function of temper-
ature. Elevations in temperature are generally accepted to be accompa-
nied by reductions in electrostatic forces and the reinforcement of
hydrophobic forces [41,42]. Hence, perturbations to a binding system
by changes in temperature support an informative measure of the rela-
tive contributions of these two intermolecular forces to complex forma-
tion. In all three binding systems, ΔGbind decreased linearly with
increases in temperature (Fig. 4A). Furthermore, ΔCp, a thermodynamic
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showed small negative values for wild-type Fd:FNR binding and
S43W:FNR binding, which demonstrated that the thermodynamic con-
tributions of buried hydrophobic surface areaswere slightlymore dom-
inant than those of electrostatic/polar surface areas. These results
indicated the thermodynamic importance of hydrophobic forces in
stabilizing the Fd:FNR complex (Fig. 4D). A positive ΔCp value was ob-
tained for S43D:FNR binding, which was suggestive of the large contri-
bution of the burial of electrostatic/polar surface areas. A positive ΔCp
was previously observed in binding reactions between nucleic acids
and proteins or in protein misfolding and aggregation due to the burial
of charges [43].
Distinct individual thermodynamic parameters for complexation de-
pending on the type of Fds proposed different binding modes and/or
orientations of individual Fds to FNR,whichwere ﬁt towardmaximizing
energetic merits for physical interactions between proteins under given
conditions. Our comprehensive driving force plot showed the capability
of proteins for thermodynamic trades based on enthalpy–entropyFig. 6.Modeled Fd:FNR complexes and their binding interfaces. (A) The complex structures of
structureswith HADDOCK in combinationwith NMR data are shown. Each complex, which sho
S43W, and S43D Fds are shown in green, blue, and red, respectively.Magenta sticks in FNR indic
between FAD and iron guided by the broken line is shown in parentheses. (B, C) Interprotein
docking simulation with HADDOCK in combination with NMR data (C) are magniﬁed for com
as modeled by HADDOCK, are also shown.compensation, which may be one of the properties of evolution pres-
sure (Fig. 3B).
4.4. Interfacial physicochemical properties determined the physical binding
mode between Fd and FNR
A residue-based investigation with NMR spectroscopy provided fur-
ther insights into interprotein interactions. Although the plotting and
mapping of CSP indicated the similar binding interfaces of FNR for
each Fd (Figs. 5C and S4), the direction of shifts in many peaks such as
V28, L156, and R305 differed depending on the type of Fd (Fig. 5B).
This was mostly attributed to the distinct strength of hydrogen bonds,
backbone dihedral angles, and inﬂuences of surrounding residues [44],
which reﬂected an alternative binding mode and/or orientation be-
tween proteins.
The visualization of the three Fd:FNR complexes by a docking simu-
lation with the incorporation of the CSP of NMR as a restraint (Fig. 6A)
revealed detailed images of binding interfaces (Fig. 6B–E). Bindingwild-type Fd and FNR determined by X-ray crystallography and three docking simulation
wed the lowest energy, was selected from 40 complexes. FNR is colored in gray.Wild-type,
ate FAD. Red and yellow spheres in Fd represent iron and sulfur, respectively. The distance
surfaces between FNR and wild-type Fd determined by X-ray crystallography (B) and a
parisons. (D, E) The interacting surfaces between FNR and S43W Fd (D) or S43D Fd (E),
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hydrophobic interactions together with polar interactions including
several H-bonds (Fig. 6C). Serine at 43 of Fd formed several hydrogen
bonds with the neighboring residues of V92, L94, and V151 of FNR. Al-
though interactions between interfacial residues were similar in solu-
tions (Fig. 6C) and crystals (Fig. 6B), the binding interfaces in solutions
were wider to some extent than those in crystals (Figs. 5C and 6A–C),
which implicated the more ﬂexible binding of Fd and FNR in solution
in favor of matching and tuning courses for a preferable complex
conformation.
The binding interface of the S43W:FNR complex showed the inser-
tion of the indole side chain of tryptophan at 43 of Fd to a small binding
cavity of FNR through various non-covalent interactions with the side
chains of FNR; however, the orientation of Fd differed from that of
wild-type Fd (Fig. 6D).
Although interacting sites between the surface of S43D around an
aspartic acid at 43 and FNR led to predominant electrostatic interactions
(Fig. 6E), the interacting site of FNR for Fd shifted to a more central part
of FNR, a loop between the FAD- and NADP+-binding domains, than
wild-type Fd and S43W binding. The negative charge of aspartic acid
at 43 formed a salt bridge with the positive charge of a lysine residue
(K153) and a hydrogen bond with the backbone of a glycine (G152).
These intermolecular electrostatic networks provide a clue for the pos-
itive value of ΔCp due to the burial of charges (Fig. 4D).
The orientation between Fd and FNR was appropriate for
interprotein electron transfer. The distance between the isoalloxazine
ring in FAD and iron in the [2Fe–2S] cluster in each Fd:FNR complex
was sufﬁciently small in all cases (6.3 Å–9.1 Å) (Fig. 6A–D) for electron
transfer to not be rate-limiting. These results suggested that the binding
mode and orientation of each Fd to FNR were different at the residue
level and this physical interprotein binding was changeable through al-
ternations in the physicochemical properties of the interfacial residues
of Fd by means of varying electrostatic and hydrophobic natures.4.5. Thermodynamic and physical balances of non-covalent intermolecular
interactions limited FNR activity
We previously demonstrated that the entropic gain from conforma-
tionalﬂexibility and dehydrationwas the only driving force for the com-
plex formation of Fd and FNR under mildly acidic conditions in spite of
the formation of ﬁve salt bridges [3]. We herein obtained a more de-
tailed rationale by combining biochemical and biophysical approaches
as well as an improved understanding of the molecular origins of the
regulation of FNR activity.
Large increases in favorable electrostatic interactions may be disad-
vantageous for the best orientation for intermolecular electron transfer
and/or weakened interprotein afﬁnity, thereby decreasing activity, as
observed in the binding of S43D with FNR (Figs. 3B and 6E). On the
one hand, large increases in hydrophobicity may promote faster sam-
pling of the conformational space of complex structures by taking
advantage of short-range hydrophobic interactions and, in turn,
reaching a more optimal complex structure with high stability, thereby
enhancing FNR activity by increasing the rate of electron transfer and
interprotein afﬁnity (Figs. 2, 3B, and 6D).
Therefore, even a single mutation in a hydrophobic environment
without the disruption of Fd integrity is sufﬁcient to limit overall FNR
activity through the delicate balance of enthalpy and entropy in the
form of non-covalent interactions and dehydration, which determines
interprotein afﬁnity and orientation (Fig. 3B). Further systematic stud-
ies using SiR and/or SiR and FNR mutants are required to obtain more
general conclusions.
We suggest that proteins sensitively cope with changes in environ-
mental conditions and spontaneous mutations in a thermodynamically
favorable way to reduce global energy. However, an enzyme responds
in a functionally favorableway, including thermodynamics and kinetics.Transparency Document
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